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An enhanced computer program has been applied to explain in detail the
photon recycling effect which drastically limits the influence of radiative
recombination on the performance of p-on-n HgCdTe heterostructure photo-
diodes. The computer program is based on a solution of the carrier transport
equations, as well as the photon transport equations for semiconductor
heterostructures. We distinguish photons in two energy ranges according to p+
and n region with unequal band gaps. As a result, both the distribution of
thermal carrier generation and recombination rates and spatial photon den-
sity distribution in photodiode structures have been obtained. The general
conclusion, similar to our earlier work concerning 3-lm n-on-p HgCdTe
heterostructure photodiodes, confirms the previous assertion by Humphreys
that radiative recombination does not limit HgCdTe photodiode performance.
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INTRODUCTION
Taking into account the volume carrier genera-
tion and recombination processes, three funda-
mental mechanisms of thermal generation and
recombination should be considered in HgCdTe
ternary alloy: radiative transitions, and Auger 1
and Auger 7 recombination. Additionally, the non-
fundamental Shockley–Read–Hall (SRH) recombi-
nation mechanism is associated with trap states
(mercury vacancies) and dislocations.1 Since the
1970s, all these mechanisms have been the subject
of extensive experimental and theoretical research.2
While the influence of SRH mechanisms can be
limited by reducing the density of trap states in the
technological processes, the radiative and Auger
mechanisms represent a fundamental limit on the
rate of thermal generation (or recombination) of
charge carriers. However, if the charge carrier
density can be held below its equilibrium value, an
improved signal-to-noise ratio will result in a
suitable device structure.3,4 Auger suppression as
well as low radiative recombination and SRH
generation are required to achieve a background-
limited infrared performance (BLIP) response near
room temperature for both near-infrared low-light-
level and thermal imaging applications.
Humphreys asserts that traditional radiative
recombination is unlikely to limit performance in
properly designed photodiodes.5 The phenomenon
known as photon recycling (PR), or reabsorption
within semiconductors of photons generated by
minority carrier recombination, increases the
minority carrier lifetime above that estimated by
the traditional theory of van Roosbroeck and
Shockley (VRS).6 Due to reabsorption, the radiative
lifetime is greatly extended and dependent on the
semiconductor geometry, the absorption coefficient,
and the refractive index. It was estimated that the
lifetime increases with increasing refraction index,
absorption coefficient, and sample thickness.7
Despite the above predictions, in the majority of
papers the traditional VRS theory is used to esti-
mate HgCdTe detector performance. The main
reason for this is that formal modeling of the PR
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effect requires inclusion of additional terms in the
standard set of carrier and photon transport equa-
tions, and researchers usually tend to neglect its
influence because of the lack of available tools for
easy evaluation of this phenomenon in their prac-
tical devices. The calculations are usually based on
the use of commercially available programs for
semiconductor device simulation, which initially do
not have the potential for PR modeling.
However, when reabsorption is included, there
are two energy interchange processes which need to
be considered in any given volume of a semicon-
ductor element: that between carriers and photons
within the element, and that between photons
within the element and the cavity surrounding it.
Therefore, to include PR in detailed modeling of
devices, the photon transport equation should be
included in the set of carrier transport equa-
tions.8–10 For photons with energy less than the
band gap energy hm < Eg
 
, absorption, emission,
and scattering are weak and the wave equation
describes very thoroughly the overall photon prop-
agation. Mathematically, the equations of propaga-
tion are hyperbolic partial differential equations,
and their numerical solution is relatively easy and
stable. To analyze the PR effect, only photons with
energy equal to or higher than the band gap,
hm  Eg, are essential. For these photons, however,
the probability that a photon propagates in a
straight line unhindered is very low; radiative
transport is dominated by many scattering, absorp-
tion, and reabsorption events. The emitted photons,
in turn, are quickly reabsorbed. The net emission (or
absorption) is then the small difference between two
large terms. More generally, in semiconductor
devices, radiation with energy hm  Eg tends to be
nearly isotropic and, eventually, close to local ther-
mal equilibrium.
This work is a continuation of our earlier work10
in which we presented results of calculations
performed for n-on-p homojunction HgCdTe photo-
diodes. The analysis of carrier generation–recombi-
nation (g–r) processes and the photon recycling
effect was based on numerical solution of the carrier
transport equations including a simplified version
of the transport equations for selected photons
with energy greater than the energy gap. In het-
erostructure devices, the problem is further com-
plicated by the spatial variation of the energy gap.
Photons generated and reabsorbed in an area with
narrower energy gap are not reabsorbed in areas
with a wider energy band gap. Therefore, it becomes
necessary to analyze photons in different frequency
ranges separately and formulate their respective
balance equations.
The principal purpose of this paper is to present
numerical methods for solving the transport equa-
tions for the electric charge carriers and photons
connected with carriers in semiconductor hetero-
structures. We have developed a previous model
that can be applied for heterostructure photodiodes.
Despite the fact that the presented results have
been obtained for simple heterostructure photodi-
odes with only two areas with different widths of
energy gap, we also show how to use the method for
more sophisticated structures.
The results of the calculations show that photons
emitted by radiative recombination events and
then reabsorbed in the radiative generation process
cause a considerable reduction of the carrier radia-
tive generation (or recombination) rates. Our
results once again confirm Humphreys’ assertion5,7
that the influence of radiative recombination on
HgCdTe photodiode performance is greatly overes-
timated.
ANALYSIS METHOD
Humphreys’ calculations of the PR effect apply to
materials with an equal energy gap.5,7 In further
considerations, we assume a procedure described by
Humphreys to include the PR effect for hetero-
structures. If there are areas with a different energy
gap in a semiconductor, we should take into account
photons with energies corresponding to the appro-
priate range Ei < hm  Ei þ DEi from i = 1 to i = m,
where E1 ¼ Eming and En þ DEn ¼ 1. Here, Eming
denotes the lowest energy gap in the heterostruc-
ture. Then, the optical generation rate per unit
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g mð Þ dm; (2)
where m is the frequency, g(m) is the refractive index,
c is the velocity of light, a(m) is the absorption coef-
ficient, and q is the photon density as determined by
Planck’s law.
In accordance with Humphreys, the quantities in
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The radiative recombination rate per unit volume
is proportional to the product of the electron and hole
concentrations: RRAD ¼ knp (see, e.g., Ref. 11). In
equilibrium, following VRS we have6 RRAD ¼ kn0p0 ¼

































In nonequilibrium conditions, the photon density
















due to change in the radiative generation rate. The
first term of Eq. 9 determines the photon generation
rate due to radiative recombination, and the second
term defines the photon annihilation rate caused by
absorption. If, in any unit of semiconductor volume
dV, there is a change in the photon density, then
depending on the sign of Eq. 9 this element emits or
absorbs part of the photons.
The photon balance in a given element of volume
can be written assuming a simplified version of the
transport equations. The transport equation for










where i ¼ 1; 2; . . . ; m: jiq ¼ qic

4gi3 is the photon
current density. Here, a source of additional photon
generation is carrier radiative recombination, and
the source of their annihilation is electron–hole pair
generation events. The final term in Eq. 10 repre-
sents the divergence of the photon current.
In the next step we include these m equations (10)
into the set of four charge carrier transport equa-
tions comprising the continuity equations for elec-
trons and holes, Poisson’s equation, and the thermal
conductivity equation. These equations and the
numerical method for their solution were described
in our earlier paper.10
RESULTS OF CALCULATIONS
In this paper we consider the p+–n HgCdTe het-
erostructure photodiode shown in Fig. 1a. This
photodiode structure is mainly produced by liquid-
phase epitaxy (LPE), molecular beam epitaxy
(MBE), or metalorganic chemical vapor deposition
(MOCVD) on a lattice-matched CdZnTe substrate.
The doping profiles of the analyzed photodiode are
shown in Fig. 1b. An absorber layer approximately
11 lm thick is n-type doped at 1 9 1015 cm3. The
n-type Hg1xCdxTe carrier concentration is easy to
control in the 1015 cm3 range using extrinsic dop-
ing, usually by indium or iodine. The composition of
an absorber layer has been determined for photo-
diodes with cutoff wavelengths equal to 5 lm and
11 lm operating at 80 K and 300 K. The wider-
band-gap p-type capping Hg1–yCdyTe (y  x + 0.04)
is about 1 lm thick and is not intentionally doped.
We choose the following composition x in the n-type
region:
 kc = 5 lm at T = 80 K, x = 0.3; at T = 300 K,
x = 0.27
 kc = 11 lm at T = 80 K, x = 0.22; at T = 300 K,
x = 0.17
Figure 1b shows an example composition profile for
a p-on-n HgCdTe photodiode with cutoff wavelength
of 5 lm operating at 300 K.
The numerical analysis has been realized
assuming that the structure is illuminated by
background flux. We have also assumed that the
structure and its surrounding has the same tem-
perature. The absorption coefficient is estimated
Fig. 1. Cross-section of the p-on-n HgCdTe mesa photodiode
structure (a) and the doping and composition profiles (b). The line -
AA¢ (d) indicates the direction of calculated spatial distributions of
different parameters. Device geometry: r1 = 34 lm, r2 = 58 lm, and
d = 12.35 lm.
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according to Anderson’s model,12 and the refractive
index was taken from Ref. 13. The remaining
parameters are taken from Ref. 14. We assume a
uniform mercury vacancy density, corresponding to
SRH trap centers, of 1 9 1012 cm3 in all considered
heterostructure devices.
The method of calculation of the carrier transport
equations presented in Ref. 10 can be used for
semiconductor heterostructures. Since different
regions of the heterostructure are characterized by
different energy gaps, due to the various refractive
indexes and cutoff wavelengths, it is necessary to
distinguish photons in different energy ranges. We
have distinguished two groups of photons, one with
density q1 and energy Eng  hm < Ep
þ
g and the second
group of photons with density q2 and energy
hm  Epþg . Eng denotes the energy of the n-type
absorber region, and Ep
þ
g denotes the energy of the
p+ region.
By introducing two additional equations (Eq. 10)
for i = 1, 2 into the set of charge transport equations
presented in Ref. 10, we can take into account the
PR effect for photons in two energy ranges and
thereby effectively estimate the carrier radiative
recombination and generation rates. Analyzing
Eq. 10 for i = 1, 2 it can be noted that both q1 as well
as q2 photons are involved in the radiative recom-
bination or generation process; however, photons q1
are of importance only in the absorber area of the
analyzed photodiodes. The reverse bias causes
depletion of the charge carriers (extraction effect),
being especially strong in the region of the p–n
junction. This is the reason for the reduction in the
rate of carrier radiative recombination, thus leading
to decreased photon densities, both q1 as well as q2.
This phenomenon is well illustrated by Fig. 2a, c, in
which the spatial distributions of the changes of the
photon densities in a reverse-biased photodiode
with cutoff wavelength of 5 lm operating at 300 K
are presented. The largest reduction in the photon
density is observed in the p–n junction. Near the
photodiode surface, changes of the photon density
are smaller due to the photons inflowing from the
environment (background). The presented results
seem well suited to quantitative modeling of the
nonequilibrium IR detectors by Ashley and Elliott15
that use carrier extraction under reverse bias to
increase the Auger and radiative lifetimes and/or
obtain negative luminescent devises.16–18 The for-
ward bias leads to an increase in the charge carrier
concentration, and thus to an increase in carrier
radiative recombination, which is a source of addi-
tional photons. As a result, an increase in the pho-
ton density is observed. Figure 2b, d shows the
spatial distribution of the changes of photon densi-
ties in a forward-biased photodiode with cutoff
wavelength of 5 lm operating at 300 K. In this case,
changes of the photon density at the surface of the
Fig. 2. Spatial distribution of changes of photon densities qi  qi0
 
in a reverse (a, c) and forward (b, d) biased 5-lm p-on-n HgCdTe photodiode
operating at temperature of 300 K for photons q1 with energy Eng  hm<Ep
þ
g (a, b) and photons q
2 with energy hm  Epþg (c, d).
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photodiode are also smaller due to the emission of
photons by the diode to the environment. In this
case, positive luminescence is observed.17
Although the reason for the changes in the photon
density on biasing is easy to explain, analysis of the
spatial distribution of the carrier radiative recom-
bination (generation) rate is not so simple:
 If the carrier concentration is lower than the
equilibrium one, the first term of Eq. 10 for i = 1,
2 decreases; in this case, the number of photons
capable of carrier generation decreases and as a
consequence the second term may also decrease.
So, the resulting net generation depends on the
change in both values. The situation is further
complicated by the fact that the total net gener-
ation rate is the result of summing the contribu-
tion of photons q1 and q2.
 However, if the carrier concentration is higher
than the equilibrium one, the first term of Eq. 10
for i = 1, 2 increases, but also the second term
increases due to the generation of additional
photons (q1 > q10 and q
2 > q20). Similarly to the first
case, the resulting net generation can increase or
decrease depending on the size of the change in
the two components.
 Besides the generation of photons in the semicon-
ductor structure, Eq. 10 (for i = 1, 2) takes into
account the impact of photon fluxes on their density.
The spatial distribution of the net carrier radiative
recombination (generation) rates in mid-wavelength
infrared (MWIR) p-on-n HgCdTe photodiodes oper-
ating at 300 K and 80 K are presented in Figs. 3
and 4, respectively. The diagrams are aligned along
the line AA¢ (Fig. 1). The results of calculations for
the classical case (VRS theory) are simple to inter-
pret. Reducing the carrier concentration in the
reverse-biased photodiode reduces the rate of
carrier radiative recombination, while the rate of
carrier radiative generation, which does not depend
(according to VRS theory) on the carrier concen-
tration, does not change. Therefore, in a reverse-
biased photodiode, the net radiative generation
prevails. The opposite situation applies in a for-
ward-biased photodiode.
The net spatial distribution of the recombination
(generation) rates with the PR effect thereby chan-
ges sign, so that regions in which net radiative
recombination or generation prevails occur alter-
nately. Let us consider this behavior in detail. For
this goal, Eq. 10 can be expressed as
RPRRADGPRRAD


















and i = 1, 2. In Fig. 5, the spatial distribution of the
factors ci=1,2 are shown together with the net
recombination and generation rates in a reverse-
biased HgCdTe photodiode with 5-lm cutoff wave-
length operating at 300 K.
Analyzing Eq. 11 we notice that the sign of the net
carrier radiative recombination and generation is
connected both with changing the carrier con-





. With the dependence (11), the





, the factor ci is larger or smaller than 1,
respectively.
In a reverse-biased photodiode, the number of
photons generated decreases (Fig. 2a). Then,
qi0

qi > 1. However, simultaneously, carrier exclu-
sion occurs inside the structure, especially strongly
in the area of the p–n junction and in the weakly
doped n-type layer. Then, np=n0p0 < 1. The carrier
exclusion effect in the mentioned regions is stronger
than the suppression of photons and the factor ci is
smaller than 1, for photons with density q1 as well as
those with density q2. The carrier exclusion accom-
panies the increased carrier radiative generation in
Fig. 3. Spatial distribution of the net recombination (generation)
rates in a reverse (a) and forward (b) biased p-on-n HgCdTe pho-
todiode with 5-lm cutoff wavelength operating at 300 K. Bias voltage
is 0.2 V.
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the n-type region and the region of the p–n junction
(Fig. 5a, b). In this case, these two opposed processes
(carrier exclusion and photon suppression) result in
the fact that, in the reverse-biased HgCdTe photo-
diode with cutoff wavelength of 5 lm operating at
300 K, the resultant net generation rate is almost
four orders of magnitude lower than the value esti-
mated from the VRS theory (Fig. 3a). A similar sit-
uation occurs for the photodiode operated at 80 K;
nevertheless, the PR effect is weaker.
Since photons q1 with energy Eng  hm < Ep
þ
g can-
not be absorbed in the p+ region with wider energy
band gap, only photons q2 with energy hm  Epþg may
be considered. In the highly doped p+ region, the
carrier exclusion effect practically does not exist, so
np  n0p0. However, even slight suppression of
photons (Fig. 2c) results in the fact that the factor c2
is larger than 1 (Fig. 5b), causing the increased
radiative recombination. Therefore, this region (B)
is the source of generated photons, which are reab-
sorbed in the neighboring regions A and C, leading
to the local dominance of the carrier generation rate
over their radiative recombination in these regions.
Moreover, the near-surface regions A and E are
‘‘stabilized’’ by the constant photon flux inflowing
from the environment (background). Thus, the net
radiative recombination rate differs little from the
prediction of Eq. 8.
Forward biasing results in a more complex situ-
ation (Figs. 3b, 4b). A very similar case has been
explained in detail for the n-on-p HgCdTe photodi-
ode in our previous work.10 For heterostructure
devices with areas with different energy gaps, it is
necessary to analyze photons in different frequency
ranges separately; nevertheless, only g–r processes
occurring in the active area of photodiodes (n-type
absorber) determine their parameters, as clearly
illustrated in Fig. 5a, b. The influence of photons
with energy Eng  hm < Ep
þ
g is much smaller than for
photons with energy hm  Epþg .
The general conclusion is the following: The
photon recycling effect leads to local oscillations of
the net radiative generation rate, with maximal
values several orders of magnitude lower than pre-
dicted by the RS theory. Only in small, near-surface
regions (order of 1 lm) does the photon recycling
effect have any importance due to the influence of
background radiation. It appears that the suppres-
sion of the radiative recombination (generation) rate
by the PR effect is observed at a moderate bias
voltage.
Under the condition of a small excess carrier
concentration, the classical radiative lifetime (using
the VRS theory) can be calculated as
Fig. 4. Spatial distribution of the net recombination (generation)
rates in a reverse (a) and forward (b) biased p-on-n HgCdTe pho-
todiode with 5-lm cutoff wavelength operating at 80 K. Bias voltage
is 0.2 V.
Fig. 5. Spatial distribution of the c factor and net recombination and
generation rates for a reverse-biased 5-lm p-on-n HgCdTe photo-
diode operating at temperature of 300 K for photons q1 with energy
Eng  hm<Ep
þ
g (a) and photons q
2 with energy hm  Epþg (b).
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Another insight into the contributions of radiative
recombination and its influence on the carrier life-
time is shown in Fig. 6a, b, which shows the spatial
distribution of radiative and Auger process carrier
lifetimes in a reverse-biased 5-lm p-on-n HgCdTe
photodiode operating at 300 K and 80 K. It is clearly
seen that, for a photodiode operating at 300 K, the
photon recycling effect increases the radiative car-
rier lifetime in the active region (n-type) by orders of
magnitude. In this way, the photon recycling makes
Auger 1 the dominant process at room temperature
rather than the classical radiative mechanism. At
80 K, the radiative carrier lifetime seems to be
about an order of magnitude higher, after consid-
ering the PR mechanism. The lifetime is limited by
a combination of Auger 1, PR radiative, and SRH
mechanisms rather than by the classical (VRS the-
ory) radiative mechanism.
It seems that, in long-wavelength infrared
(LWIR) photodiodes, taking into account the PR
effect in the radiative mechanism, Auger processes
will dominate not only near room temperature but
even at much lower temperatures. Similar analysis
has been performed for photodiodes with cutoff
wavelength of 11 lm. Figures 7a, b shows the spa-
tial distribution of radiative and Auger process
carrier lifetime in a reverse-biased LWIR p-on-n
HgCdTe photodiode operating at 300 K and 80 K.
While in the photodiode operating near room
temperature Auger mechanisms prevail even over
the classical (VRS theory) calculated radiative
mechanism, at 80 K the lifetime is limited by a
combination of Auger 1 and classical (VRS theory)
radiative mechanisms. The PR effect increases the
radiative carrier lifetime in the n-type region by two
orders of magnitude, so the influence of the radia-
tive mechanism is not essential.
Figures 8 and 9 show the spatial distribution of
the net carrier radiative recombination (generation)
rates in a reverse- and a forward-biased 11-lm p-on-n
HgCdTe photodiode operating at 300 K and 80 K,
Fig. 6. Spatial distribution of carrier lifetime in a reverse-biased 5-lm
p-on-n HgCdTe photodiode operating at 300 K (a) and 80 K (b).
Reverse bias voltage is 0.2 V.
Fig. 7. Spatial distribution of carrier lifetime in a reverse-biased
11-lm p-on-n HgCdTe photodiode operating at 300 K (a) and 80 K
(b). Reverse bias voltage is 0.2 V.
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respectively. Moreover, Fig. 8 presents the net
thermal generation rate, GTHE, and the net thermal
recombination rate, RTHE, which are the results of
the action of band-to-band (Auger 1 and Auger 7),
SRH, and radiative (with PR effect) mechanisms. It
is clearly shown that the radiative mechanism does
not influence the resultant thermal generation
(recombination) rate in high-temperature LWIR
HgCdTe photodiodes.
CONCLUSIONS
We have presented a numerical method for ana-
lyzing g–r processes in semiconductor heterostruc-
tures including the contribution of the photon
recycling effect in the interband radiative mecha-
nism. To illustrate the method we considered MWIR
and LWIR p-on-n heterostructure HgCdTe photo-
diodes operating at room temperature and 80 K.
Both the distributions of carrier generation and
recombination rates and the spatial photon density
distribution in the photodiode structures have been
obtained. It is clearly shown that the photon recy-
cling effect drastically limits the influence of radia-
tive recombination on the performance of HgCdTe
photodiodes. The general conclusion once again con-
firms Humphreys’ previous assertion that radiative
recombination, although of fundamental nature,
does not limit the ultimate performance of MWIR and
LWIR HgCdTe photodiodes at room temperature.
Its influence can be observed at lower operating
temperature.
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